Background: Forest trees have ecological and economic importance, and Japanese cedar has highly valued wood attributes. Thus, studies of molecular aspects of wood formation offer practical information that may be used for screening and forward genetics approaches to improving wood quality.
Background
Wood represents the main source for terrestrial biomass production and is a major renewable resource for the timber, paper, and bioenergy industries [1] . Genomics approaches have been applied to explore the molecular basis of growth and development in a few forest tree species with economic relevance. Transcript profiling in trees has also specifically focused on wood formation (xylogenesis) because of the ecological significance of forest trees and the economic importance of wood [2] [3] [4] . Wood formation begins from the cambium and generates wood as the end product of secondary vascular system development, which proceeds from cell division to expansion, secondary wall formation, lignification, and finally programmed cell death [5, 6] . Notably, identification of accumulated expressed sequence tags (ESTs) and their expression pattern during wood formation has been achieved in target species for breeding, such as Pinus, Populus and Picea [1, 2, [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Japanese cedar (Cryptomeria japonica) is an allogamous coniferous species that relies on wind-mediated pollen and seed dispersal, and it is one of the most important forestry tree species in Japan. The Japanese cedar tree has excellent attributes (straight bole, rapid growth, ease of processing, and pleasant color and scent), and it has been used for house construction, to build wooden ships, barrels, and musical instruments, and for many products intended for daily use for hundreds of years [15] . More than 3,700 Japanese cedar trees have been planted throughout Japan, covering an area of 4.5 million ha and accounting for 44% of Japan's artificial forests. Seventeen million seedlings are supplied as planting material for forestation every year, making this species very important for Japanese forestry today, as it has been since ancient times [16] .
Next-generation sequencing can be a more efficient approach for obtaining functional genomic information. This type of sequencing can result in high transcriptome coverage depth and facilitates the de novo assembly of transcriptomes from species where full genomes do not exist [17, 18] . In addition, by simultaneously measuring the abundance of transcripts for thousands of genes with accumulated sequence information, microarray analysis promises a comprehensive understanding of regulatory gene functions and the growth and development of plants [19] . To understand the molecular mechanisms involved in wood formation and key targets for genetic manipulation and selection of superior wood quality, these techniques will be powerful and efficient tools [20] . The only molecular studies of wood formation in Japanese cedar have identified large numbers of genes that are expressed in male strobili [21] . However, very limited genomics and functional genomics resources related to wood formation are publicly available for Japanese cedar.
The first objective of this paper was to produce an extensive collection of sequenced ESTs found in xylem and cDNA clones to support manufacture of cDNA microarrays and gene discovery efforts in Japanese cedar. The next goal was to elucidate a comprehensive expression profile in the growing season using these microarrays. For this purpose, we identified 55,051 unique sequences by next-generation Roche 454 sequencing using a nonnormalized cDNA library from the cambial meristem and its derivatives from Japanese cedar. To gain further insight into seasonal expression patterns, a custom cDNA microarray was designed from the cDNA library obtained and from EST data (inner bark data on ForestGen; http://forestgen.ffpri.affrc.go.jp) [22] and was used to investigate differential gene expression in Japanese cedar during wood formation.
Results and discussion

Microscopic observation of differentiating xylem
Based on anatomical observation of the cambial zone and the differentiating xylem, the tissue underwent seasonal cycles in activity of xylem formation, including cell division, secondary wall formation and lignification, through the growing season ( Figure 1A ,B). The cambial cells were not active in samples taken on 24 March. An average of only 4.8 cambial cells was found in each radial file, significantly fewer than found in other samples collected in April (p < 0.01), June (p < 0.01) and August (p < 0.05). The expanding tracheids occupied the most space in differentiating xylem in samples taken on 27 April. The number of these tracheids was larger on this date than in samples collected during the growing season. Thus, formation of derived tracheids was most active in samples collected on 27 April. A few secondary wall-forming tracheids were found in some radial files. This indicated that secondary wall formation might have just been reactivated around the day of sampling. The largest number of tracheids at the stage of secondary wall formation and lignification was observed in the 22 June samples. The number was significantly larger than in the other samples collected (p < 0.01). Therefore, the peak activity in xylem formation, including cell differentiation and secondary wall formation, was found in the 22 June samples.
The number of expanding tracheids in each radial file had significantly decreased from an average of 8.8 cells in samples taken on 22 June to an average of 1.7 cells in samples taken on 24 August (p < 0.01). This indicated that cell division activity in the cambial zone was lower than at earlier stages. Thus, the major activities in differentiating xylem that could be observed microscopically were secondary wall formation and lignification in the samples collected in August and October.
EST sequencing and de novo assembly
Sequencing of cDNA libraries generated a total 308,542 raw reads, with an average length of 405.29 bp. The size distribution of raw reads is shown in Figure 2A , and a summary of sequencing and assembly results is presented in Table 1 . After trimming the adaptors and primer sequences, 9,764 sequences were removed due to short length, low complexity, or overall low quality scores. This cleaning and trimming step resulted in 298,778 high-quality reads, corresponding to 96.8% of the original raw sequence. A total of 241,696 highquality reads was assembled into 11,022 contiguous sequences (contigs over 500 bp), and 40,435 reads were identified as singletons (i.e., reads not assembled into contigs). The size of contigs ranged from 100 to 9,656 bp, with an average length of 1,014 bp. The distribution of contig size is shown in Figure 2B . Contiguous sequences were further assembled into 14,616 isotigs. Isotigs are putative transcripts constructed using the overlapping contig reads provided as input to Newbler cDNA assembler. The size distribution of isotigs ranged from 33 to over 9,656 bp, with an average length of 1,069 bp ( Figure 2C ). More than 99% of the isotigs were over 100 bp and 50% of the assembled bases were incorporated into isotigs longer than 1,261 bp (N50 = 1,261 bp). The coverage depth for isotigs ranged from 1 to 14, with an average of 1.7 contigs assembled into each isotig ( Figure 2D ). The isotigs and singletons together resulted in 55,051 unique sequences (Additional file 1: Figure S1 ).
Sequence comparison with other species
All unique sequences were searched against the sequences in the National Center for Biotechnology Information (NCBI) non-redundant protein database and The Arabidopsis Information Resource (TAIR) using a BLASTx algorithm E-value of 1e-5 ( Figure 3A) . A total of 12,606 isotigs (86.2% of all isotigs) and 14,688 singleton sequences (36.3% of all singletons) had significant BLAST matches at NCBI, and 11,958 isotigs (81.8%) and 13,027 singletons (32.2%) had significant BLAST matches at TAIR. When we compared our unique sequences with EST sequences in the Japanese cedar database (ForestGen) and libraries including xylem and cambium tissue from The Gene Index and ForestGen_Xylem (inner bark and sapwood) using a tBLASTx algorithm with an E-value of 1e-5, we found that 25,641 (11,278 isotigs and 14,363 singletons) had significant BLAST matches at ForestGen and 23,524 (11,457 isotigs and 12,067 singletons) to transcripts from Pinus, 24,550 (11,804 isotigs and 12,746 singletons) from Picea, and 15,945 (9,074 isotigs and 6,871 singletons) from Populus and that 13,906 (7,338 isotigs and 6,568 singletons) sequences from ForestGen_Xylem included similar ESTs. The largest overlap was found for the ForestGen database based on lower E-values. A larger overlap was found for other coniferous species than for broadleaf species. Comparison with BLAST results against the ForestGen and ForestGen_-Xylem databases indicated that the unique sequences collected in this study were also covered by ESTs previously collected from other organs of Japanese cedar ( Figure 3A) . When comparing EST sequences in other libraries involving xylem and cambium, though the smallest overlap was found for ForestGen_Xylem, most of the unique sequences overlapped those of three well-known species undergoing xylogenesis ( Figure 3B ). These results clarified that the previously accumulated Japanese cedar xylogenesis related ESTs were incomplete, whereas our data mostly coincided with ESTs collected from xylem and cambium in other species. Therefore, our data are expected to be a useful resource for ESTs related to xylem or cambium development in Japanese cedar. 
Identifying protein families represented in sequences by Pfam
The unique sequences were investigated for conserved domains using the Pfam database [23] to predict their function. In 55,051 unique sequences, we found that 19,887 (36.1%) of the encoded proteins were similar to members of 4,764 Pfam protein families (E-value < 1e-10). Overall, products of 18,915 (34.4%) of the transcripts from Japanese cedar cambium tissue were similar to members of 4,420 Pfam families when domains of unknown function (DUFs) (317 families) and uncharacterized protein families (UPFs) (27 families) were excluded. The 20 most abundant protein families in cambium tissue of Japanese cedar are shown in Table 2 . The frequency of occurrence of members of these families corresponded with previous reports on Japanese cedar male strobili and white spruce [21, 24] .
Identifying proteins according to clusters of orthologous groups (COGs) from seven eukaryotic genomes represented in sequences
The unique sequences were searched against the COG database [25] using the BLASTx program. The sequences that showed significant similarity (an E-value < 1e-5) with those in the database were annotated and assigned to designated functional classes. Overall, 22,738 sequences (41.3%) were annotated to known sequences with designated functional classifications, and 3,816 were similar to known genes of unknown function and unassigned sequences in the database (Figure 4 ). The most frequent functional categories for our data were "Posttranslational modification, protein turnover, chaperones (category symbol O)" and "general function prediction only (R)," which agreed with previous reports [21, [26] [27] [28] . On the other hand, "signal transduction mechanisms (T)" was the next largest category in the annotated designations of functional classification, including the function unknown (and unassigned) category. This feature differed from previous reports, suggesting that seasonal expression of genes specific to cambial region tissues occurs.
Identification of transcription factors
Transcription factors are proteins that function in controlling the expression of target genes quantitatively, temporally, and spatially [29] . The unique sequences we identified were annotated against the PlnTFDB [30] , a recently developed database of transcription factor families for 22 plant species, using the BLASTx program. BLASTx searches revealed 3,085 unique sequences of Japanese cedar with matches against Arabidopsis thaliana and 2,735 unique sequences with matches against Populus trichocarpa with E-values < 1e-5. Of the 82 transcription factor families, these sequences were annotated to 79 in the Arabidopsis genome and 77 in the poplar genome (Tables 3 and 4 ). The most abundant transcription factor family annotated to A. thaliana was WRKY (WRKY DNA-binding domain), with 218 unique sequences, whereas for P. trichocarpa, it was C3H (Cys4-His-Cys3 zinc finger), with 158 unique sequences. In particular, unique sequences for transcription factors associated with xylogenesis (such as the MYB, NAC and HB transcription factors) were abundant. Therefore, in future studies, it will be necessary to specify which family members are associated with xylogenesis in this species. These transcription factor features were similar to those reported for radiata pine and white spruce [3, 24] .
Comprehensive gene expression changes during xylem formation
In Japanese cedar, physiological and anatomical alterations during cambial activity have been well investigated by anatomical observations [31] [32] [33] [34] [35] , but little is known about the molecular changes that occur. In order to investigate expression of genes in Japanese cedar cambial tissue during xylem formation more comprehensively, we profiled transcripts at five time points during the growing season using microarray analysis. As a result, we identified 10,380 targets that were differentially regulated during xylem formation (p < 0.05, q < 0.2). The differentially expressed genes clustered into 14 different patterns based on their kinetics of gene expression ( Figure 5 , Additional file 2). These 14 patterns were divided into two expression patterns, associated with upregulation and downregulation, during xylem formation. Overall, we identified 4,019 targets that showed differential expression during the spring reactivation and the peak activity of xylem formation and 6,361 targets that showed differential expression during decreasing cell division and cessation of growth. Cluster A5 was the most abundantly transcribed during spring reactivation and the peak activity of xylem formation. Similarly, the group consisting of abundant clusters B2, 6, and 7 was notably observed during decreasing cell division/cessation of growth. The sequences of all targets in each cluster were also annotated against the COG database (Table 5) using the same settings as the cDNA library. Xylogenesis genes with well-known functions, such as in "Carbohydrate transport and metabolism (G)," "Cell wall/membrane/envelope biogenesis (M)," and "Cytoskeleton (Z)," were abundant categories in cluster A5, which indicated upregulation of these genes during this period. In the major group observed during decreasing cell division/cessation of growth, expressed genes related to tolerance of various conditions and to adjustment of cellular processes, such as "RNA processing and modification (A)," "Signal transduction mechanisms (T)," and "Defense mechanisms (V)," were abundant.
Cell-cycle related genes
Druart et al [36] reported the expression of 68 homologs of aspen trees based on 80 core cell-cycle genes that were investigated in Arabidopsis [37] . The expression patterns did not correspond to the increasing number of dividing cambial cells during the early phase of cambial cell-cycle activation, leading to the hypothesis of posttranscriptional control of expression after cessation of growth [36] . Similarly, we investigated the expression of Arabidopsis core cell-cycle gene homologs in Japanese cedar. We observed upregulation of 16 of 25 genes from March to April, which suggested that the activation of cell division and induction of cell-cycle genes are correlated in early activity during xylem formation ( Figure 6 , Additional file 3). Our findings agreed well with data from Arabidopsis [37] and poplar, for which the expression of CDKB and CYCB is regulated seasonally following a rise in temperature [38] . Our data suggested that cambial reactivation occurred in Japanese cedar between 24 March and 27 April based on anatomical observation. To prove the hypothesis of posttranscriptional control of expression after cessation of growth, we therefore harvested samples during this period.
Xylogenesis genes related to phenylpropanoid metabolism
During the development of xylem tissue, primary cell wall biosynthesis, secondary wall deposition, and lignification are important fundamental processes, because of the need for maintaining biological mechanisms conferring adaptability to various environments, compressive strength and defense against pathogens. These processes are also important determinants of wood properties. The identification and expression profiling of gene family members that are responsible for developmental lignification have been reported for P. trichocarpa, Picea abies, and Pinus teada [39] [40] [41] . In our study, the expression of the most of these gene family members (Phenylalanine ammonia-lyase (PAL); 4-coumarate: CoA ligase (4CL); Cinnamate-4-hydroxylase (C4H); Hydroxycinnamoyl: CoA shikimate/quinate hydroxycinnamoyl transferase (HCT); p-coumarate-3-hydroxylase (C3H); Caffeoyl-CoA O-methyltransferase; Cinnamyl alcohol dehydrogenase (CCoAOMT); Cinnamoyl-CoA reductase (CCR); and Cinnamyl alcohol dehydrogenase (CAD)) was induced from March to April, and then expression gradually decreased from the peak activity of xylem formation through August ( Figure 7A , Additional file 3). The expression of these genes corresponded to our anatomical observation that the number of cambial cells rapidly increased from March to June ( Figure 1A ,B). These observations indicate that these genes are the main transcripts in developing xylem of Japanese cedar.
Interestingly, enzymes in the early part of the monolignol pathway, acting between PAL and 4CL, are also involved in the biosynthesis of other phenylpropanoids, like flavonoids, coumarins, and stilbene [39] . Lignans, which are monolignol-derived dimers and oligomers involved in such processes as defense reactions, are synthesized through the same pathway [39] . The expression of PAL4 (isotig 10873) and 4CL3 (isotig 11289) was upregulated during dormancy and following cessation of growth ( Figure 7B , Additional file 3), which indicates that these enzymes could play roles in defense, such as responses to infection, wounding, drought stress and temperature change. Lignins result from the oxidative polymerization of phydroxycinnamyl alcohols, which can be mediated by both laccase and peroxidase [42] . For the 19 peroxidase superfamily proteins that we examined, the levels of 3 transcripts (isotigs 09523, 13814, and Cj.19051_1) increased during peak xylem formation ( Figure 8A , Additional file 3), which corresponded to anatomical observations. The peroxidases that were induced during this period are the strongest candidates for involvement in lignin polymerization. The expression of 7 peroxidase superfamily proteins was upregulated during dormancy and correlated with cessation of growth ( Figure 8B , Additional file 3). In P. abies and Pinus sylvestris, high peroxidase activities have also been measured outside the growth period during late autumn, winter, and early spring [43] . Some peroxidase genes generally respond to external stimuli such as wounding, UV-irradiation, bending stress and pathogen infection [39, 44] . These previous reports suggest functions of these genes during the inactive period for the cambium.
Recently, it was reported that laccase genes Lac4 and Lac17 contribute to constitutive lignification in an A. thaliana mutant [45] . Expression of laccase was 4-5 times higher than peroxidase in developing xylem and young vertical xylem in P. abies [39] . The induction of LAC17 (isotigs 04632, 06065, 08775, and 08985) and LAC4 (isotig 04110) increased rapidly at the peak activity of xylem formation in comparison to other lignificationrelated genes ( Figure 9 , Additional file 3). These most highly expressed laccases are also candidates for involvement in lignin polymerization.
Xylogenesis genes related to carbohydrate, cellulose, and hemicellulose metabolism
Cellulose is generally the main component of the plant cell wall, and is synthesized at the plasma membrane by a large multimeric cellulose synthase (CesA) complex [46] . The patterns of expression for almost all expressed Cellulose synthase and Cellulose synthase-like (Csl) genes that were upregulated during peak activity of xylem formation are shown ( Figure 10 and Additional file 3). Of these genes, CesA1 (isotig 04782), Ces4/IRX5 (isotigs 14272, 08498), CesA6 (isotig 14123), CesA7/IRX3 (isotigs 04866, 09868), and CesA8/IRX1 (isotigs 02784, 14052) were rapidly induced from March to April, and then their expression gradually decreased from the period of peak xylem formation until cessation of growth ( Figure 10 , Additional file 3), which corresponded with anatomical observations. Interestingly, Ces4/IRX5, CesA7/ IRX3 and CesA8/IRX1 are required for cell-wall biosynthesis in vascular tissue of Arabidopsis and rice [47, 48] . Similarly, orthologs identical to these three genes are involved in secondary cell-wall biosynthesis in developing xylem of wood species such as Populus and Pinus [14, [49] [50] [51] [52] [53] . These findings suggest that the functional roles of these orthologs are conserved in cell-wall synthesis of vascular tissue in herbaceous and woody dicotyldeons, monocotyledons and gymnosperms [14] . Additionally, a membrane-bound endoglucanase, KORRIGAN1 (KOR1), and a glycosylphosphatidylinositol-anchored protein, COBRA (COB), have been implicated in cellulose biosynthesis in Arabidopsis [54, 55] . Both the sequence of the orthologs and their functional roles are reportedly conserved in Populus and Picea [56, 57] . The Japanese cedar homologs of KOR1 and COB were upregulated during peak xylem formation, suggesting a conserved functional role ( Figure 11A ,B, Additional file 3). Hemicelluloses, including glucomannans and xyloglucans, are major components of the plant secondary cell wall. Most genes related to the glucomannan/galactomannan pathway (such as GDP-D-mannose 4,6-dehydratase1, mannose-1-phosphate guanylyltransferase, phosphomannomutase, mannosyltransferase family protein, galactosyltransferase family protein) and to synthesis of xylan (such as UDP-glucuronic acid decarboxylase: UDP-xylose synthase, β-(D)-xylosidase) and xyloglucan (such as xyloglucan endotransglycosylase, xyloglucan endotransglycosylase/ hydrolase) were induced during xylem formation, which suggests that the encoded proteins play an active role in secondary wall formation (Figure 12, Additional file 3) .
Recently, a number of genes encoding putative glycosyltransferases required for xylan synthesis or deposition have been identified in Arabidopsis using knockout mutants [58] [59] [60] [61] [62] [63] . The expression of most of these genes (IRX7/FRA8, IRX9, IRX10-like, IRX14, and IRX15) increased during xylem formation, indicating conserved functional roles of these orthologs ( Figure 13A , Additional file 3). Xyloglucan is incorporated and modified in the cell-wall network by xyloglucan endotransglycosylases and hydrolases (XTHs, also known as XET/hydrolases and XEHs) [64, 65] . We observed 10 genes involved in cell-wall biosynthesis to be upregulated at peak xylem formation; however, the expression of 12 genes was downregulated ( Figure 13B , Additional file 3). Some XTH genes are induced in dormant cambium and cold-stressed organs [65] . In Japanese cedar, these 12 genes may be candidates for this functional role.
Sucrose synthase (Sus) catalyzes formation of UDPglucose, the immediate substrate for cellulose biosynthesis. Members of the Sus gene family in many plant species are divergent in function and differentially expressed during plant development [66] . In Pinus and Populus, some Sus genes showed an expression pattern identical to that of Ces genes in developing xylem [5, 14] . Similarly, the expression of Sus (isotig 12351) was upregulated from April to June, which suggested it as a robust candidate gene for involvement in xylem formation ( Figure 14A , Additional file 3). Interestingly, all other Sus genes were rapidly downregulated from March to June, and then expression gradually increased through October. Sus gene activity is considered to be associated with environmental stresses, such as cold, drought and O 2 deficiency [36, 67] . We observed upregulation of these genes in March and October, months showing markedly low temperature, which suggested synthesis of cryoprotectants and responses to cold stress ( Figure 14A , Additional file 3). Additionally, because reactivation of the cambium in the spring occurs before any significant photosynthesis activity, the induction of the Sus gene and various invertases indicates that sucrose catabolism generates hexose that can be metabolized via glycolysis during this period [36] . The reaction catalyzed by sucrose phosphate synthase (SPS) plays an important regulatory role in controlling Sus genes in plants [68] . In hybrid poplar, an AtSPS transgenic hybrid has altered phenology, such as timing of leaf senescence and bud break, compared to wild type [69] . Some invertase and SPS genes also showed an expression pattern identical to that of the Sus genes (Figure 14B ,C, Additional file 3). In Japanese cedar, these expression profiles could indicate that these genes are involved in providing an alternative source of energy and carbon skeletons in the early period of cambial reactivation in spring.
Transcription factors
Several transcription factor family members, such as NAC, MYB, zinc finger proteins, and proteins with a Lim domain or a homeodomain are thought to help regulate secondary cell-wall biosynthesis [70] [71] [72] [73] [74] [75] [76] . In particular, some transcription factors of the NAC and MYB subfamilies are master switches in the transcriptional network for secondary cell-wall biosynthesis [75] . In Arabidopsis, some MYB genes (AtMYB20, spruce, Pinus, Arabidopsis, and the nearest sequences from other species [78] . We found that 34 MYB genes were upregulated during the peak activity of xylem formation ( Figure 15A , Additional file 3). AtMyb20 (isotig 05701) and AtMyb43 (Cj.5920_1) were expressed preferentially; however, AtMyb103 (isotig 03851) was downregulated during this period. These findings suggest that the functional roles of MYB20 and MYB43 orthologs are conserved in cell-wall synthesis of vascular tissue in Japanese cedar and other species. Recent molecular and genetic studies have revealed that a subgroup of Arabidopsis NAC domain transcription factors (SND1, NST1, VND6, 7) are master switches regulating a cascade of downstream transcription factors, leading to activation of secondary wall biosynthesis [81] [82] [83] [84] [85] [86] . Although among these NAC domains, only a VND6 homolog (Cj17576_1) was included on our array; its expression was moderately decreased, as with 9 NAC family homologs (anac2, 8, 28, and 45) during peak xylem formation ( Figure 15B , Additional file 3). The homologs of other cell-wall biosynthesis-related transcription factors (LIM, HB, b-ZIP, WRKY) were induced during this time ( Figure 15C , Additional file 3), implying that these genes could be important in regulating downstream genes.
Hormonal regulation of the activity-dormancy cycle
Auxin has been implicated as a key signal regulating cambial cell proliferation and cambial meristem identity [12] . In the cambial region, the amount of IAA varies seasonally, and rapid induction in cambial activity occurs in spring to early summer [87] [88] [89] . The IAA distribution shows a radial gradient and is most concentrated in the cambial region [90, 91] . The positive correlation observed between the regions with high IAA levels and the number of cells in the same region suggests that the gradient in endogenous IAA level controls the number of cambial cells [92] . The expression of some auxin signaling and transport component genes (Aux1, IAA16, 27, Auxin efflux carrier (PIN1, 2), Auxin response factor (ARF1, 2, 4), and SAUR-like auxin-responsive protein) was upregulated in April, and then gradually decreased through October ( Figure 16A , Additional file 3). The concentration of IAA in P. sylvestris is high at the start of cambial reactivation, declines when the number of differentiating tracheids begins to increase, and then rises as the number of cells decreases [88] . In Japanese cedar, our results indicate that these genes are regulated early in xylem formation. Auxin signaling is mediated through the ubiquitin-proteasome pathway, in which AUX/IAA Relative gene expression (log proteins are degraded through SCF TIR1 complexes, composed of cullin, SKP1, F-box protein, and RBX1 protein [93, 94] . We observed inverse expression of these genes relative to the expression of some auxin signaling and transport component genes, suggesting that auxin signaling and transport component genes are repressed during cessation of growth.
Gibberellins (GAs) act synergistically with auxin in stimulating cambial growth [95] . The analysis of transgenic aspen indicated that GAs are required both in xylogenesis, which is likely mediated by GA signaling in the cambium, and in fiber elongation in the developing xylem [96] . In angiosperm trees, application of GA results in the formation of wood fibers with enhanced thickness of the inner layers of cell walls [97, 98] . We found that a homolog of GA3-oxidase (GA3ox, Cj.17342_1), implicated in the last step of GA biosynthesis, and the receptor gene GID1 (Cj.5192_1, isotig13598) were moderately upregulated at peak xylem formation ( Figure 16B , Additional file 3). The genes encoding GA biosynthetic enzymes GA20-oxidase (GA20ox) and GA3ox are particularly important for control of bioactive GA levels [99] . GA signaling operates as a derepressible system that is moderated by DELLA-domain proteins, which are transcriptional regulators that repress GA responses [99] . Like DELLAdomain proteins, the homologs of RGA (Cj 552_1, 1674_1)
Relative gene expression (log Figure 10 Expression of cellulose synthase and cellulose synthase-like genes in cambial region during xylem formation. The individual targets are summarized in Additional file 3. All expression data are presented on a log 2 scale.
were expressed inversely to these genes ( Figure 16B , Additional file 3). These findings suggest that genes involved in GA signaling have an important role in xylem formation. Abscisic acid (ABA) content increases during abiotic stress, and especially protects plant water status. In poplar cambium, ABA levels are increased by short days and by short days with low temperature in late autumn and during cambial reactivation in early spring [36] . Genes related to ABA biosynthesis and signaling, such as ABA4, NCED, CYP707A, PP2C (HAI1, 2), SnRK2.6 (OST1), ABRE (ABI1, 5, ABF1), and PYL (1,4,10), were upregulated in March and October ( Figure 16C, Additional file 3) . Most of these genes were rapidly downregulated from March to April, suggesting that their downregulation is coincident with release from cold hardiness and the improvement in water deficit on cambial reactivation. The Arabidopsis CYP707A gene family (CYP707A1, 2), involved in ABA catabolism, controls seed dormancy [100] . Therefore, our observations suggest that ABA is degraded during cambial reactivation in Japanese cedar. In the apex of hybrid aspen, some 9-cis-epoxycarotenoid genes (such as NCED), which are involved in ABA biosynthesis, are induced after 5 weeks of short-day treatment, which also induces growth cessation [101] . As seen in our data ( Figure 16C , Additional file 3), these genes (Cj13501_1, 2567_1, 8387_1) were upregulated in accordance with changes in day length. Other ABA biosynthesis-related and signaling genes were also upregulated from August to October, indicating they may be induced in response to several abiotic stresses (such as cold and drought) that also lead to cessation of growth ( Figure 16C, Additional file 3) .
Development of cold hardiness in activity-dormancy cycle
On 24 March, before cambial reactivation, cold hardiness was maintained in cambial cells ( Figure 1A,B) . On the other hand, the number of expanding cells and cells depositing secondary walls, as well as temperature and day length, rapidly decreased from 24 August to 7 October ( Figure 1A ,B, Additional file 4: Figure S2 ), suggesting acquisition of cold hardiness on growth cessation. The transcriptional regulators and modulating genes involved in the acquisition of cold hardiness of Japanese cedar have not been identified. In Arabidopsis, the ICE1 (inducer of CBF expression) and CBF (C-repeat binding factor) family transcription factors are respectively upstream and downstream regulators of the cold-responsive transcriptome and freezing tolerance [102, 103] . The role of the CBF family as transcriptional activators in cold acclimation of Arabidopsis has been maintained in Populus; in particular, CFB1 and CFB3 show significant induction in Populus stems [104] . The only ICE1 homologs presented on our array were induced in conditions consistent with maintaining and acquiring cold hardiness (isotigs 05865, 14021) ( Figure 17 , Additional file 3), so these genes are candidates for this functional role. Druart et al. [36] listed and clustered the expression pattern of genes involved in cold hardiness from three data sets: 1. poplar genes induced by low temperature and atCBF overexpression; 2. a poplar homolog of an Arabidopsis gene induced by low temperature; and 3. poplar homologs of genes involved in the development of cold hardiness in three other tree species [36] . We clustered the expression patterns of these genes based on their timing of induction. Clustering of the 138 homologs of these genes yielded three main groups, two associated with autumn transition and early spring (clusters 1, 2), and another with spring reactivation (cluster 3) (Figure 18 , Additional file 3). Their expression rapidly decreased from March to April, which suggested repression and release of cold hardiness in cluster 1. In cluster 2, expression (for example, of Cold regulated gene and dehydrin family protein) was up-or downregulated in accordance with changes in day length. In acquisition of cold hardiness, these genes were moderately upregulated prior to reduction in temperature (Additional file 4: Figure   S2 ). This finding implies that a signal other than low temperature (such as short days) must trigger the induction of these genes in autumn under natural conditions [36, 105] . In cluster 3, some homologs were superinduced from March to April, which corresponded to previous findings [36] . The exact role of this superinduction is unclear; however, it might reflect a need to protect the very sensitive dividing cambial cells from sudden drops in temperature during early spring [36] . Because of limited photosynthesis in autumn, plants must derive the energy and carbon required for the Figure 16 Expression of hormonal regulation-related genes in cambial region during xylem formation. A) Auxin signaling and transport component. B) GA biosynthesis-related and signaling genes. C) ABA biosynthesis-related and signaling genes. The individual targets are summarized in Additional file 3. All expression data are presented on a log 2 scale.
acquisition of cold hardiness from some other source [36] . Conversion of starch to sugar is a key metabolic process associated with the entry into dormancy, as starch-derived sugars serve several purposes, for example as cryoprotectants as well as a source of energy [12] . Transcriptional induction of a key enzyme of the starch breakdown pathway occurs in poplar cambium in autumn and during dormancy [12, 36] . Our data showed that most homologs involved in the process, such as β-amylase and phosphoglucan-water dikinase, were induced in March and October ( Figure 19 , Additional file 3). These profiles suggested them as candidate genes for regulating the availability of an alternative energy and carbon source during limitations on photosynthetic activity.
Cytoskeleton-related genes
The cytoskeleton regulates cellular polarity, morphology, and movement through its involvement in cellular events such as vesicular traffic, organellar movement, abiotic and biotic stress sensing, signal transduction, and cell wall biosynthesis [106] . Plant cell morphogenesis relies on the organization and function of two polymer arrays separated by the plasma membrane: the cortical microtubule cytoskeleton and cellulose microfibrils in the cell wall [107] . In the large S2 layer of secondary fiber cell walls, the orientation of microfibril deposition, which is directed by cortical microtubules, is an important trait determining wood quality and wood stiffness or elasticity, and is referred to in trees as the microfibril angle [108] . The expression of genes for α-and β-tubulins, which comprise dynamic arrays of cortical microtubules, appear to play a role in determining these characteristics during xylem development in Populus and Eucalyptus [108, 109] . Our data showed that most tubulin gene family members are highly expressed during peak xylem formation ( Figure 20A , Additional file 3). Similarly, most other cytoskeleton-related genes such as Actin and genes encoding actin-related or -interacting proteins (actin binding protein, actin related protein, actin depolymerization protein, villin, fibrin profiling, capping protein), microtubule-associated protein (MAP), microtubule-motor family protein, microtubule end binding protein, and kinesin were also induced ( Figure 20B ,C,D, Additional file 3). Actin forms microfilament structures by selfpolymerization and interactions with numerous actinbinding proteins. In our data, the four homologs of atACT7 (isotigs 05994, 09744, 11932, and 14133) were upregulated during peak xylem formation, along with actin-related/interacting protein and a gene encoding a kinesin family protein ( Figure 20B ,C, Additional file 3). The homologs clustered closely in a group with a Pinus homolog in a phylogenetic tree of actin from Arabidopsis and the nearest sequences from other species [110] . atACT7 is preferentially expressed in younger, rapidly developing tissue, such as during germination and root growth in Arabidopsis [110, 111] . These findings correspond with our findings in developing xylem.
The organization and dynamics of microtubules are regulated by MAPs [108] . Our study found a gene encoding a MAP (MAP65-1: isotig 05735, 09873) that was more strongly transcribed than other MAP genes ( Figure 20D , Additional file 3). AtMAP65-1 is able to promote tubulin polymerization, enhance microtubule nucleation, and decrease the critical concentration for tubulin polymerization [112] ; this role agrees reasonably well with what would be expected from our expression pattern and anatomical observations. by qRT-PCR using the same RNA samples used for the microarray experiments. Transcript accumulation measured by qRT-PCR was fairly consistent with the microarray results for all 12 validated genes ( Figure 21 ), particularly in the ranking of magnitude of expression, indicating that the microarray experiments in this study were sufficiently reliable for the identification of genes that may influence xylem formation in the cambium of Japanese cedar.
Conclusions
In this study, we obtained 55,051 unique sequences by sequencing a non-normalized cDNA library from the cambial meristem and derivative cells of Japanese cedar. A custom cDNA microarray was designed based on this library and EST data to investigate seasonal gene expression in Japanese cedar. This is the first comprehensive study of an extensive collection of EST sequences and expression studies related to xylem formation in Japanese cedar. Because Japanese cedar belongs to a different lineage than the Pinaceae, comparison of data could lead to significant findings on genome evolution in coniferous species. Our data may also be a useful resource for forward genetics and functional genetics studies in wood species.
Methods
Plant material
Tissue from the cambium region (including phloem and the differentiating xylem) was taken from four 15-yearold trees of Cryptomeria japonica plus-trees, clones Chousui8, Iiyama9, Nisihkawa10 and Tano1, in Hitachi, Ibaraki Prefecture for molecular analysis. The daily minimum and maximum temperatures were also recorded during the study (Additional file 4: Figure S2 ). The harvested tissues were immediately frozen in liquid nitrogen in the field, and then stored in the laboratory at −80°C for later RNA extraction. A square block (approximately 1 cm 2 ) was collected for microscopy and fixed in FAA (formalin: acetic acid: 50% alcohol, 5:5:90) Figure 18 Expression of low temperature-induced genes in cambial region during xylem formation. Low temperature-induced and cold hardiness-related genes were clustered using the Pearson correlation on the Subio platform into three main patterns of expression during the autumn transition and early spring (clusters 1, 2) and during spring reactivation (cluster 3). The individual targets are summarized in Additional file 3. All expression data are presented on a log 2 scale. (Roche/454 Life Sciences, Branford, CT, USA) with FLX or Titanium technology.
Assembly of ESTs from sequences obtained on the 454 platform
Using GS FLX pyrosequencing software, we selected high-quality sequences (> 99.0% accuracy on single base reads) for further processing and assembly. Trimmed and cleaned sequences were assembled using the cDNA assembly feature of Roche Newbler software v. 2.3 (Roche/454 Life Sciences). To obtain clean ESTs, adapter trimming and poly(A/T) removal were performed by the cutadapt tool [113] , then short sequences (< 50 bp) were removed and the remaining sequences evaluated using the BLASTN algorithm against C. japonica microsatellite sequences obtained from NCBI (www.ncbi.nlm. nih.gov) [114] , and Arabidopsis thaliana retrotransposon sequences obtained from TAIR (www.arabidopsis.org) [115] ; reads with alignment length of 20 nt or more and percent identity of 90% or more were considered "hit reads" against these sequences. De novo assembly was performed using GS De Novo Assembler v2.3 (provided with the Roche GS FLX sequencer) with default parameters (minimum overlap length of 40, minimum percent identity of 90).
Functional annotation with the BLAST program
The assembled unique sequences putatively encoding proteins were searched against the Arabidopsis protein database in TAIR [115] and the NCBI non-redundant database [114] using the BLASTx algorithm. In addition, our transcripts were also searched against the Forest-GEN database [22] using the tBLASTx algorithm. A typical cutoff E-value < 1e-5 was used. To identify known protein families, the unique sequences were also searched for the presence of Pfam domain sequences (release 21.0) using the blastx algorithm (E-value < 1e-10) [23] . [116] , and the ForestGen database (inner bark and sapwood data) as EST databases [22] . PlnTFDB [30] , a recently developed database of transcription factor families for 22 plant species, was used to identify putative transcription factors expressed during Japanese cedar wood formation. Blastx searches were performed on matches against A. thaliana and P. trichocarpa in the PlantTFDB with E-values < 1e-5.
The unique sequences were searched locally against a database of clusters of orthologous groups (COGs) from seven eukaryotic genomes [25] . The COGs are comprised of three databases containing orthologous proteins from at least three out of seven eukaryotic species (KOGs), proteins from two species (TWOGs), and lineage-specific expansion groups (LSEs). Sequences with E-values < 1e-5 were considered to have significant homology, and were classified following the KOG functional classification.
The sequences of ESTs have been submitted to the DNA Data Bank of Japan under accession numbers DC882454 through DC883482.
Microarray analysis
We built a custom microarray platform containing 60-mer oligonucleotide probes designed based on 14,612 isotigs (probes to 4 isotigs could be not designed) from all isotigsin proprietary NGS data and 3,470 EST sequences from the "sapwood" and "inner bark" categories (including a full-length cDNA library) in the ForestGen database [22] . A set of 18,082 probes was selected and accommodated in the NimbleGen 4 × 72 K array format (Roche-Nimblegen Inc., Waldkraiburg, Germany), which can examine the expression levels of up to 20,000 genes for four samples at the same time. Therefore, in this format, 18,082 probes were accommodated at least in triplicate in our custom array. For microarray analysis of five sampling dates, we used four biological replicates and three technical replicates for each sample (Additional file 1: Figure S1 ). Total RNA was extracted with a Plant RNeasy Mini Kit, and DNase was treated in-column with an RNase-Free DNase set (Qiagen). The A 260 /A 280 ratios of RNA samples used for hybridization ranged from 1.7 to 2.0. An Agilent 2100 Bioanalyzer analyzed the integrity of RNA samples. RNA integrity values of samples used for hybridization ranged from 8.1 to 10.0. Doublestranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA) with random 6-mers following the manufacturer's protocol. Cy3 labeling and hybridization were performed by NimbleGen using standard procedures. Labeled and hybridized slides were scanned using a NimbleGen MS 200 microarray scanner to generate paired files.
Because there were three or four spots for each target, the paired files contained redundant signal intensities for all probes. We took medians as representing intensities to avoid the effect of outliers, and loaded them into Subio platform software (Subio Inc., http://www.subio. jp) [117] . Intensity values were normalized at the 75th percentile, and then transformed into log 2 ratios based on the average of the 60 samples, which were composed of 5 time points with 12 replicates each. The data presented in this study have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series access number GSE53034.
Of the total 18,082 target genes, 748 with raw signal intensities not exceeding 1,000 in any samples were filtered out. We calculated the averages of log 2 ratios at each time point, and excluded an additional 6,273 genes with expression levels hardly varying over time (between −0.5 and 0.5). We tested the 11,061 genes by ANOVA (p < 0.05 and BH-FDR < 0.2) to extract 10,380 genes with expression levels that varied for at least one time point. Hierarchical clustering (unweighted pair group method with arithmetic mean, Pearson correlation) was used to identify groups of co-expressed genes. We extracted
